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A puzzling excess in gamma-rays at GeV energies has been observed in the center of our galaxy using Fermi-
LAT data. Its origin is still unknown, but it is well fitted by Weakly Interacting Massive Particles (WIMPs)
annihilations into quarks with a cross section around 10−26cm3s−1 with masses of 20 − 50 GeV, scenario
which is promptly revisited. An excess favoring similar WIMP properties has also been seen in anti-protons
with AMS-02 data potentially coming from the Galactic Center as well. In this work, we explore the possibility
of fitting these excesses in terms of semi-annihilating dark matter, dubbed as semi-Hooperon, with the process
WIMP WIMP→WIMP X being responsible for the gamma-ray excess, where X=h,Z. An interesting fea-
ture of semi-annihilations is the change in the relic density prediction compared to the standard case, and the
possibility to alleviate stringent limits stemming from direct detection searches. Moreover, we discuss which
models might give rise to a successful semi-Hooperon setup in the context of Z3,Z4 and extra “dark” gauge
symmetries.
I. INTRODUCTION
Dark matter is one of the pillars of the Standard Cosmo-
logical Model, but its nature is unknown, despite the com-
pelling evidence at different time scales of the universe evo-
lution and distance scales of the universe today. Since the
Standard Model of particle physics has no particle able to ac-
count for the presence of dark matter in our universe, theories
beyond the Standard Model are needed. Therefore, the nature
of dark matter is one of the most important open problems in
modern cosmology and particle physics, as can be seen by the
enormous theoretical and experimental effort being put forth
toward its identification.
One of the most compelling candidates are the Weakly In-
teracting Massive Particles (WIMPs) [1–4]. A signal in in-
direct dark matter detection represents a major step towards
unveiling the nature of dark matter, and from this perspective,
gamma-rays play a key role. WIMPs are, indeed, expected
to shine in gamma-rays and these enable us to trace back the
source, serving as a good handle for background discrimina-
tion [5].
Albeit, it is quite challenging to disentangle a potential
DM signal from the large astrophysical foreground and back-
grounds that dominate the measured gamma-ray flux. Thus,
two searches for a DM signal stand out: signal maximization
or background reduction. In the former, targets such as the
Galactic Center (GC) are used, whereas in the latter Dwarf
Spheroidal Galaxies (dSphs) become ideal hosts [6–13].
In particular, the GC is expected to be the brightest source
in gamma-rays [14, 15], but our current knowledge of the as-
trophysical foreground and background is subject to large un-
certainties. For this reason is not surprising to spot gamma-
ray excesses towards the inner region of our galaxy. Any-
ways, several groups reported the observation of a residual
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gamma-ray emission using the publicly available gamma-ray
data from the Fermi-LAT satellite [16–26]. The excess is
peaked around 1 − 3 GeV, and has spectral and morpholog-
ical features similar to those expected from DM annihilations.
Excitingly, the excess has been confirmed by the Fermi-
LAT collaboration [27] to enliven the signal, and its seems to
be extended up to higher latitudes as expected from dark mat-
ter annihilation [24, 28]. Past studies have been done to deter-
mine the best-fit region for the gamma-ray excess in terms of
dark matter annihilations [29–31], motivating model building
endeavors in terms of WIMP annihilations.
Moreover, more recently an excess in anti-protons has
been observed in the AMS-02 data [32, 33]. The source
of this excess is unknown but it is quite plausible to come
from the GC. This excess seems similar to one firstly ob-
served in the PAMELA data [34]. Anyways, in [32] the au-
thors went beyond the usual benchmark propagation models
MIN/MED/MAD scenarios that are motivated by the Boron
over Carbon ratio [35], and performed a global fit to the AMS-
02 anti-proton data to claim an over 4σ signal from dark mat-
ter annihilation. As described in [36], the WIMPs properties
favored by this signal are similar to those from the GeV excess
in gamma-rays. Therefore, in what follows, we will assume
that the processes capable of explaining the GeV gamma-ray
excess are also providing a good fit to the anti-proton ex-
cess. For this reason, whenever we refer to the GeV excess
in gamma-rays bear in mind that there is also a similar excess
in anti-protons.
However recent null results from direct dark matter detec-
tion experiments and colliders have shrunk quite a bit the
number of models capable of accounting for the gamma-ray
excess [37–70] in agreement with existing bounds. Therefore,
it is worthwhile to investigate different setups.
That said, after briefly reviewing the status of dark matter
annihilations as an explanation to the GC excess, we discuss
the possibility of explaining the gamma-ray excess in the GC
via semi-annihilations [71–80]. By semi-annihilations one
typically refers to processes of the type DM DM → DM X
involving three DM particles, two in the initial state and one in
the final state, and a state X which can be either an SM state
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2or an additional (unstable) exotic state. It can be noted that
semi-annihilations occur in scenarios where the DM is made
stable via symmetries larger than Z2, as for example Z3.
In most of the WIMP scenarios, direct and indirect detec-
tion observables are tightly connected. This feature is par-
ticularly evident in the so-called simplified models [43, 81–
96], where DM annihilations and the WIMP-nucleon scatter-
ing cross section are governed by the same mediator and cou-
plings. Semi-annihilation that can have a strong impact on
the DM relic density, on the other hand, are not necessarily
connected to the WIMP-nucleon scattering rate. Therefore,
sizeable semi-annihilations without conflicting direct detec-
tion limits are feasible. For this reason, semi-annihilations
represent a plausible mechanism to explain the GeV gamma-
ray excess in agreement with existing data.
As we shall see further, indirect detection limits are still
strong as in the case of annihilating dark matter, since a
good fit to the GeV excess through semi-annihilation requires
a relatively large semi-annihilation cross-section which
can be probed with indirect detection experiments. We
emphasize that the crucial aspect of models with dominant
semi-annihilations is the possibility to weaken the restrictive
limits from direct detection experiments which typically force
the existing models to live in regions of parameter space
where resonance effects are dominant.
In summary, in this work we will assess the capability of
two specific semi-annihilation processes,DMDM → DMZ
and DMDM → DMh, with Z and h being the SM Z and
h bosons, of yielding a good fit of the GeV excess. Pursu-
ing a model-independent approach we will express our re-
sults in terms of best-fit DM mass and semi-annihilation cross-
section, in the considered final states, without referring to any
specific Particle Physics construction. In the second part of
the paper, we will provide a brief overview of some possible
models, involving scalar, fermionic and vectorial DM, poten-
tially capable of reproducing the GeV excess through semi-
annihilations and featuring, at the same time, viable DM relic
density compatible with observational limits.
II. THE GAMMA-RAY EXCESS
Interestingly, since the first observation [16], independent
analyses of the Fermi-LAT data toward the Galactic Center
have spotted an excess in gamma-rays peaked around 3 GeV
[5, 14, 15, 17, 18, 20–25], which is also known as the GeV
excess. Though the excess is statistically significant, it relies
on a diffuse background model which provides a reasonable
fit to the diffuse emission over the whole sky, but it is not clear
that it is appropriate for the GC. This systematic uncertainty
on the background dominates the statistical one and is difficult
to quantify. A first attempt at accounting for systematics was
made in [31] through the study of a large number of galactic
diffuse emission models, where the excess persisted. Subse-
quent studies performed by Fermi-LAT collaboration reached
the same conclusion [27]. In particular, in [97] it has been
concluded that is most likely comprised of two components,
where one of them is from dark matter. Therefore, we will as-
sume the signal is robust and due to dark matter annihilations,
commonly known as Hooperons[38].
III. THE ANTI-PROTON EXCESS
Several studies have been conducted regarding the anti-
proton flux originated from dark matter annihilation [98–104].
Throughout the years no excess has been observed except
in [34] where an excess has been spotted using PAMELA
data. Analysis favored a dark matter annihilation cross sec-
tion which has now been ruled by the non-observation of
gamma-rays in dSphs by Fermi-LAT collaboration [105]. Re-
cently, however, two independent studies, using up-to-date
data from AMS-02 claimed the observation of a significant
excess of anti-proton production over the background expec-
tations [32, 33].
This excess regardless its origins clearly shows the impor-
tance of data taking and further extending AMS-02 lifetime.
The main differences between these two studies and previ-
ous ones where no excess was observed are the use of new
data and a global likelihood analysis, where both background
and signal are simultaneously fitted, without assuming a fixed
propagation model. Keep in mind that this signal is subject to
several systematic uncertainties and rely on the non-existence
of secondary production of cosmic-rays, which could signifi-
cantly abate the signal [106–110].
The recent analysis presented in [36] clearly shows that the
excess in anti-proton observed in the AMS-02 data strongly
overlaps with the one seen by Fermi-LAT in the Galactic
Center. Therefore, instead of doing data fitting for indepen-
dent data sets and repeat what has been done in [36], we
will concentrate on one of them (gamma-ray data), and as-
sume throughout that the best-fit regions derived for the anni-
hilation and semi-annihilation cases coincide with those from
anti-proton.
Moreover, we emphasize as suggested in the title that this
source of anti-proton should be local with a large J-factor, oth-
erwise the best-fit region in the plane annihilation cross sec-
tion vs dark matter mass would be moved upwards being in
direct conflict with the non-observation of gamma-rays in the
direction of dwarf galaxies as seen by Fermi-LAT.
IV. FITTING THE DATA
In order to find the goodness of fit to the GeV excess, we
need to compute the differential photon flux in the direction
of the GC which is written as,
dΦγ
dEγ
=
∑
f
1
8pi
〈 σvf 〉
M2DM
dNγf
dEγ
× J¯(∆Ω), (1)
where the sum runs over all the annihilation final states con-
sidered in the analysis of the signal. 〈σvf 〉 is the annihilation
cross section today into a final state f with v ∼ 10−3c, MDM
3is the DM mass, the dNγf /dE
γ is the DM prompt gamma-
ray spectrum for each f final state, and J¯(∆Ω) is the J-factor,
which is given by:
J¯(∆Ω) =
1
∆Ω
∫
∆Ω
∫
l.o.s.
ρ2(r(s, b, l))dsdΩ, (2)
where r(s, b, l) = (r2+s
2−2 rs cos b cos l)1/2, and r the
distance between the GC and the Sun (8.5 kpc), with our re-
gion of interest (ROI) for the galactic latitude, 2◦ ≤ |b| ≤ 20◦,
and for the galactic longitude, 0◦ ≤ |l| ≤ 20◦. This astrophys-
ical J-factor was computed considering a generalized Navarro-
Frenk-White (gNFW) profile [111, 112], thus, the expression
for local DM density is given by
ρ(r) = ρ0
(r/rs)
−γ
(1 + r/rs)3−γ
, (3)
where the ρ0 is the scale density calculated by fixing the lo-
cal DM density at the Sun on ρ = 0.4 GeV/cm3, the scale
radius rs = 20 kpc and γ = 1.2.
With all these ingredients we can compute the goodness of
fit to the data following the receipt described in [31] where the
χ2 is defined as,
χ2 =
∑
i,j
[(
dΦγi
dEγ
− dFi
dEγ
)
(Σ−1)ij
(
dΦγj
dEγ j
− dFj
dEγ
)]
,
(4)
where dΦγi /dE
γ is the flux predicted and dFi/dEγ is the ob-
served flux for the i-th energy bin and Σij is the covariance
matrix which contains the statistical and correlated systemati-
cal errors, for the 24 energies bins provided in [113]. Thus, in
total, we have 22 degrees of freedom, 24 energies bins minus
two degrees stemming from the annihilation cross section and
dark matter masses. In what follows we describe this proce-
dure in terms of dark matter annihilations.
A. Annihilations
Dark matter annihilations yield a gamma-ray flux as pre-
dicted by Eq.(4). After fixing the J-factor and choosing an
annihilation final state, which dictates the energy spectrum
computed with PPPC4DMID [114], the two unknown are the
dark matter annihilation cross section and mass. Thus, one
can now plug Eq.(1) into Eq.(4), and find the best-fit regions
in the 〈σv〉 vs MDM plane.
In the Table I, we show the best-fit regions for several an-
nihilation final states, including the 1σ error for the mass and
annihilation cross section, the minimal χ2 and the p-value. We
can see on Table I that there is a mild preference for DM to an-
nihilation into quarks (b¯b and q¯q) and Higgs particles. For the
µ¯µ channel we are considering just the prompt contribution,
however, if we include the ICS (depending on the Galactic
diffuse emission model) we can find a better fit to data [31].
The τ¯ τ channel yields a slightly worse fit to data, whereas the
ZZ, WW and t¯t channels a significantly larger χ2. However,
it should be noted that the characterization of resolved point
sources might significantly affect the spectrum of the residual
emission [97], so the difference in the χ2 arising between var-
ious annihilation final states should be taken with a grain of
salt. In summary, arguably all these final states offer a good
fit the GeV excess.
Channel Mass 〈σv〉 χ2min p-value
(GeV) (10−26cm3s−1)
b¯b 48.70+7.96−6.14 1.79 ± 0.35 24.46 0.3236
q¯q 23.91+3.47−3.21 0.83 ± 0.16 26.93 0.2139
hh 125.70+4.10−0.00 5.37 ± 1.03 29.24 0.1381
τ¯ τ 9.96+1.81−1.66 3.39 ± 0.79 34.28 0.0460
ZZ 91.20+2.94−0.00 4.11 ± 0.84 40.36 0.0098
WW 80.40+2.72−0.00 3.38 ± 0.72 42.96 0.0048
µ¯µ 5.03+0.80−0.06 1.82
+0.47
−0.38 46.78 0.0016
t¯t 173.30+4.00−0.00 5.25 ± 1.27 53.05 0.0002
TABLE I. Best-Fit regions for the GCE for different channels includ-
ing mass, cross section, χ2 and p-value.
In the Fig. 1 we summarize all this information. We show
the 1σ and 2σ regions for each channel in the 〈σv〉 versus
MDM plane able to fit the GeV excess. Similarly to [31] we
have parametrized the uncertainties related to the choice of
the DM halo model through a multiplicative parameterA. The
results reported in Fig. 1 have been obtained by settingA = 1.
Setting aside the shift in the best-fit regions caused by the
difference in the annihilation final state, an important message
we take from the GeV excess is the favored annihilation cross
section about 10−26cm3s−1 which is close to standard anni-
hilation cross section that yields the right DM relic density.
Typically, in dark matter models the same couplings gov-
ern the relic density and the scattering cross section [115–
119]. Therefore, null results from direct detection experiment
can severely constrain the annihilation rate and consequently a
possible explanation to the astrophysical signals under discus-
sion. This scenario where annihilation is the main or only con-
tribution to the relic density and the GeV excess also known as
Hooperon is tightly restricted by direct detection experiment.
For this reason it is worthwhile to go beyond the Hooperon
regime, and discuss the impact of semi-annihilations.
B. Semi-Annihilations
For now, we will consider the case of semi-annihilation
channels. Let’s assume that the DM could self-annihilate in
the channel DM X, where X can be a Z boson or the stan-
dard Higgs particle h. Considering that the DM can annihilate
100% in each channel, we compute the gamma-ray flux using
the Pythia routines [120], since PPPC4DMID does not include
semi-annihilations [114]. The exact derivation of the best-fit
regions for semi-annihilating dark matter is one of the main
features of this work, since it has not been derived before.
In the Table II we report the best fit for each channel, in-
cluding the preferable mass, and the thermally averaged cross
section with 1σ error, and χ2 and the p-value for each case,
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FIG. 1. The viable 1σ and 2σ regions for each channel takingA = 1,
where A encompasses the uncertainty in the J-factor. We assumed
that the DM particle annihilates with a 100% branching ratio into a
given final state at a time throughout.
where the p-value has been calculated using a Gaussian distri-
bution. In both cases we have the mass threshold for kinematic
reasons. Moreover comparing our results with the results for
annihilation channels showed in Table I we found the same
χ2 and, consequently, p-value, but for larger cross sections.
One can easily conclude that semi-annihilations into X h lead
to a better fit than those into X Z. Indeed, semi-annihilation
into Z, is sufficiently poor to yield a p-value smaller than the
standard value 0.05.
Channel Mass 〈σv〉 χ2min p-value
(GeV) (10−26cm3s−1)
DM h 125.7+6.20−0.00 10.7 ± 2.10 29.24 0.1381
DM Z 91.2+4.82−0.00 8.22 ± 1.73 40.36 0.0098
TABLE II. Best-Fit regions for the GCE for semi-annihilation chan-
nels including mass, cross section, χ2 and p-value with 1σ error.
Anyways, in the Figs. 2-3 we show the regions on the plane
〈σv〉 -MDM with 1σ and 2σ error for the channels DM h,
which provide the best-fit to the GeV excess. In these plots
were adopted A = 1 − 2. We also include the upper lim-
its over the annihilation cross section imposed by 6 years
of Fermi-LAT Data telescope derived from the stack-analysis
of gamma-ray observation from Dwarf Spheroidal Galaxies
(dSphs) [121]. In the derivation of these limits we used the
public likelihood functions provided by the Fermi-LAT col-
laboration.
Notice that for A = 1, regardless of how good the fit to
data is, gamma-ray observations from dphs basically exclude
both semi-annihilation setup as possible explanations to the
GeV excess. On the other hand, if the J-factor in the galactic
is larger by a factor of two, the best-fit regions are moved
downwards by a factor two to yield the same χ2, as can be
seen in Fig.3. Since the uncertainties over the DM density in
the GC are rather large, the value A = 2 is plausible. The
importance of adopting A = 2 is visible in Fig.3 where now
the entire best-fit regions for the semi-hooperon are consistent
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FIG. 2. The viable and excluded 1σ and 2σ regions for for h and Z
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FIG. 3. The viable and excluded 1σ and 2σ regions for h and Z
channels taking A = 2, respectively.
As we discussed previously, simplified models of self-
annihilating dark matter suffer from stringent limits from di-
rect detection experiments. For this reason, it is important to
investigate models beyond this setup and that has motivated
us to precisely derive the best-fit regions for semi-annihilation
channels. Now we discuss which models would feature these
processes, while potentially being capable of explaining the
excesses in gamma-rays and anti-protons.
C. Models for Semi-annihilations
We will give an overview of some models potentially capable
of reproducing the excesses in gamma-rays and anti-proton in
the semi-hooperon setup. In light of the results of the previous
section we will focus just on theDM DM → DM h process.
1 Notice that this shift in the best-fit regions by taking A = 2 would also
occur for self-annihilations.
5Model building of semi-annihilating DM models is not triv-
ial since it requires considering interactions involving an odd
number of DM particles while ensuring the right relic dark
matter density.
As can be easily argued the minimal option would be to
consider the introduction of a Z3 discrete symmetry, allow-
ing (complex) scalar or vectorial DM candidates to interact
with the SM Higgs through four field renormalizable interac-
tion terms. Semi-annihilating DM could be also achieved in
presence of different symmetry groups provided that the DM
belongs to a non-trivial “hidden” sector, i.e. composed by dif-
ferent states (not necessarily all stable) suitably charged under
the symmetry group responsible of the stability of the DM.
Semi-annihilation can, in particular, easily occur in models
featuring multi-component DM. An extensive discussion of
semi-annihilation models has been done, at the level of Effec-
tive Field Theory (EFT), in [80]. We will rather discuss below
some more specific examples. Before doing so, we empha-
size that while such discrete symmetries might plausibly arise
from an Abelian gauge group [122–124], the use of global
symmetries to spontaneously generate a discrete symmetry is
disfavored [10, 125].
1. Z3 singlet scalar DM
The simplest model featuring semi-annihilating consists in
the extension of the SM Higgs sector by a SM singlet complex
scalar field S transforming under a discrete Z3 so that one can
write the following scalar potential:
V = µH |H|2 + λH |H|4 + µ2S |S|2 + λS |S|4
+ λSH |S|2|H|2 + µ
′
S
2
(
S3 + S† 3
)
(5)
invariant under the transformation H → H,S → e i2pi3 S. The
DM relic density is, in general, determined both by normal
pair annihilations, whose rate depend on λSH (this coupling
is also responsible of spin independent interactions with the
nuclei), and by the semi-annihilation SS → S†h, determined
instead by the coupling µ
′
S . The latter becomes the dominant
process for DM relic density provided that µ
′
S  λSH .
Notice that the annihilation processes into fermions occur
via the Higgs portal, i.e. proportional to λHS , whereas semi-
annihilation that appears through the t-channel exchange of
the scalar S is proportional to λ2SHµ
′2
S /m
6
S . Therefore, once
can enhance semi-annihilations by increasing λSH . Indeed,
defining α the fraction of semi-annihilation,
α =
1
2
σv(SS → S†h)
σv(SS† → XX) + 1/2σv(SS → S†h) , (6)
one can easily conclude that,
• α = 1 implies σv(SS → S†h) σv(SS ⇒ XX);
• α = 0.75 implies σv(SS → S†h) ∼ 6 × σv(SS ⇒
XX);
• α = 0.25 implies σv(SS → S†h) ∼ 0.7σv(SS ⇒
XX);
Interestingly, these scenarios are realized in the Z3 model.
For λSH = 0.1 and mS < 100 GeV one can obtain the cor-
rect relic density while keeping α > 0.7. Therefore, the relic
density is driven by semi-annihilations. A key aspect of this
benchmark model is the dark matter-nucleon scattering is pro-
portional to λ2SH . Setting λSH = 0.1 as mentioned before,
one can suppress the spin-independent scattering cross sec-
tion down to ∼ 10−47, which is near the expected sensitivity
of the XENON1T with two years of exposure. Notice this is
not possible in the singlet dark matter model with Z∈ because
semi-annihilations are not present and both annihilation and
scattering process are grow with λSH .
Thus one can sufficiently suppress pair-annihilations along
with direct detection limits and possibly explain the GeV ex-
cess. A more detailed discussion was carried out in [72, 78].
2. General ZN models
The very simple setup discussed in the previous subsection
provides a viable DM phenomenology and can account for the
GeV excess. However semi-annihilation rely on a dimension-
full coupling. In order to have semi-annihilation induced by
a dimensionless coupling one should enlarge the spectrum of
new states by also introducing an inert scalar SU(2) doublet,
so that the scalar potential reads [74, 77]:
VZ3 = V0 +
µ
′
S
2
(
S3 + S† 3
)
+
λS12
2
(
S2H†1H2 + S
† 2H†2H1
)
+
µSH
2
(
SH†2H1 + S
†H†1H2
)
, (7)
where,
V0 = µ1|H1|2 + λ1|H1|4 + µ2|H2|2 + λ2|H2|4
+ µS |S|2 + λS |S|4
+ λS1|H1|2|S|2 + λS2|H2|2|S|2
+ λ3|H1|2|H2|2 + λ4(H†1H2)(H†2H1) (8)
with H1, H2 and S representing respectively, the SM Higgs
doublet, an additional doublet and singlet fields. They are as-
sumed to have charges, respectively, 0, 1, 1 under the Z3 sym-
metry.
The term proportional to µSH in Eq.(8) will induce a mass
mixing between the singlet state S and the neutral component
H2 after electroweak spontaneous symmetry breaking. There-
fore, our dark matter candidate is a singlet-doublet scalar field
under SU(2).
The presence of a double component is responsible for in-
teractions with gauge bosons which could trigger a too large
spin-independent scattering cross section off nuclei due to
processes involving the Z boson. Thus one needs to sup-
press this doublet component. In this model ordinary pair
annihilations, DMDM → XX,X = Z,W, h, are gov-
erned by the couplings in Eq.(8), while semi-annihilations,
6DMDM → hDM∗, are dictated by the couplings in Eq.7).
Therefore, one can assume µ
′
S , λS12  λS1 to render the
semi-annihilation the dominant process accounting for the
DM relic density and achieve, at the same time, values of
the semi-annihilation cross-section in the favored range by the
DM excess.
One can find that for dark matter masses between 120-140
GeV, which is the region of interest for the signals under con-
sideration, keeping µ′S ' 200 GeV and λS1 ' 0.01 we get
α ' 1 as defined in Eq.(6) while yielding the correct relic
density in agreement with [77]. Moreover, this same bench-
mark model leads to a spin-independent dark matter-nucleon
scattering of about 10−47cm2 which is much below current
direct detection limits, but within sensitivity of the upcoming
XENON-nT experiment [126].
Viable setups can be obtained by considering also generic
ZN , N > 3 groups. For example, by keeping the same field
content as the previous case but considering a Z4 rather than
a Z3 symmetry we can write the potential:
VZ4 = V0 +
λS
2
(
S4 + S† 4
)
+
λ5
2
[
(H†1H2)
2 + (H†2H1)
2
]
+
λS12
2
(
S2H†1H2 + S
† 2H†2H1
)
+
λS21
2
(
S2H†2H1 + S
† 2H†1H2
)
(9)
leading to a similar phenomenology, as the previous case, but
with the difference that there are two distinct DM components,
a SM singlet and a doublet.
3. Semi-annihilation fermionic DM
An interaction between three fermions and a Higgs bo-
son is forbidden by Lorentz invariance. As a consequence,
fermionic DM can participate to semi-annihilation process
only in frameworks in which at least one additional scalar or
vectorial DM component is present. A simple option is repre-
sent by a model with a scalar S and a fermionic ψ DM candi-
date 2, both singlets under the SM gauge group, described by
the following lagrangian [79]:
L = LSM + ψ¯
(
i/∂ −mψ
)
ψ + ∂µS
†∂µS
+
1
2
(
m2S − λSHv2
) |S|2
+ (ySψψc + h.c.) +
1
2
λSHH
†H|S|2 + 1
4
λS |S|4 (10)
where ψc is the charge conjugate fermion DM field. The DM
relic density, now a combination of the two components, is
determined by two types of semi-annihilation processes, i.e.
2 A scalar/fermionic multi component DM setup has been also proposed
in [71]. In that model the processes DMDM → DMh/Z do not take
place.
ψS → ψh and ψ¯ψ → hS, as well as by conversions ψψ →
SS and pair annihilations into SM states (only for the scalar
component) SS → SM SM. Among these only the processes
SS → SM SM and ψS → ψh have s-wave dominated cross-
sections which can then contribute to a signal in gamma-rays.
Indeed we find [79],
σv(S S → SM SM) ∼ λ
2
SH
16pim2S
, (11)
σv(ψ S → ψ h) ∼ λ
2
SHy
2v2SM (2m
2
ψ +mψmS)
8pim3S(mψ +mS)
3
, (12)
σv(ψ ψ¯ → SS) ∼ 3y
4
128pim2ψ
v2, (13)
and,
σv(ψ ψ → φh) ∼ λ
2
SHy
2v2SM
1024pim4ψ
v2 (14)
where vSM is the SM Higgs vev equal to 246 GeV.
Therefore, as far as the abundance of ψ is concerned, one
can compare Eq.(13) with Eq.(14) and then realize that by
increasing λSH one can make the semi-annihilation process
drive the relic density. Although since these processes are
velocity suppressed they cannot account for the excesses ob-
served in the galactic center. Although, the singlet scalar can.
Notice that the singlet scalar features s-wave annihilations.
Notice that on can tune the parameter y to enhance the semi-
annihilation processes in Eq.(12) to make it dominant. This
is important because then on can disconnect the relic den-
sity to the spin-independent dark matter-nucleon scattering
cross section. For dark matter masses around 100− 200 GeV,
XENON1T imposes λSH < 0.01 [41]. In the case where only
annihilations are present is problematic because this bound
imposed by XENON1T on λSH rules out the region of pa-
rameter space that reproduces the correct relic density, since
they are both governed by the same coupling. Conversely,
this semi-annihilation setup separates the relic density from
scattering rate and rescues the singlet scalar dark matter, al-
lowing it to have smaller masses in the region of interest for
the anti-proton and gamma-ray excess, because one can keep
λSH sufficiently small as long as y is large enough. The GeV
excess has not been explicitly investigated in this setup before
and we leave for the future a dedicated study.
4. Models based on “dark” gauge groups
Vector DM candidates can be easily identified as stable
gauge bosons of an additional, with respect to the SM, gauge
7symmetry. This models have been studied in detail, for exam-
ple, in [127–131] 3.
The lagrangian associated to the new particle sector can be
schematically written as:
L = −1
4
F aµνF
aµν + (Dµφi)
†
(Dµφi)− V (φ) (15)
where F aµν is the field strength associated to the new gauge
bosons (a is the index of the gauge group) φi are the Higgs
fields (belonging to a suitable representation of the gauge
group) responsible for the spontaneous breaking of the new
symmetry, so that all the vector bosons are massive, while
V (φ) is the scalar potential. The scalar potential also con-
tains a quartic term involving the SM Higgs doublet, of the
type λφH |φ|2|H|2 which allows, after EW symmetry break-
ing, for a coupling between the SM and the new particle
sector. Under suitable conditions the spontaneous breaking
leaves, especially in the case of non Abelian symmetries,
residual Z2 × Z ′2 or ZN discrete symmetries, hence allow-
ing for semi-annihilation processes involving three DM parti-
cles and the SM Higgs boson. For groups larger than SU(2)
semi-annihilations involve multiple DM components.
We will discuss in this work the a model based on a
dark SU(3) gauge symmetry (a model based SU(2) symmetry
would feature an analogous phenomenology and would then
represent a sub-case of the one explicitly discussed here).
This model is described by the following scalar potential:
V = µ2H |H|2 + µ21|φ1|2 + µ22|φ2|2 +
(
µ212φ
†
1φ2 + H.c.
)
+
λH
2
|H|4 + λ1
2
|φ1|4 + λ2
2
|φ2|4
+ λH11|H|2|φ1|2 + λH22|H|2|φ2|2
+ λ3|φ1|2|φ2|2 + λ4|φ†1φ2|2
+
(
λH12|H|2(φ†1φ2) +
λ5
2
(φ†1φ2)
2
+λ6|φ1|2(φ†1φ2) + λ7|φ2|2(φ†1φ2) + H.c.
)
, (16)
Where φ1 and φ2 are two Higgs fields, belonging to the
fundamental representation of SU(3), responsible of the spon-
taneous breaking of the new gauge symmetry. They cans be
written, in the unitary gauge, as:
φ1 =
1√
2
 00
v1 + iϕ1
 , φ2 = 1√
2
 0v2 + iϕ2
v3 + iϕ3 + v4 + iϕ4

(17)
where vi=1,2,3,4 are the vacuum expectation values of the
components of the triplets 4.
3 A somehow similar model, based on a“dark SU(3)” symmetry has been
presented also in [73]. In this reference, however, the main ID signal asso-
ciated to semi-annihilations is represented by gamma-ray lines.
4 Notice that in order to achieve a complete breaking of SU(3) the vevs
cannot be all equal [127].
As can be easily argued the most general realization of this
model features many free parameters and would then result
challenging to analyze. A specific, more predictive realiza-
tion, has been proposed in [127, 129]. It consists in setting
v3 = v4 = 0 and assuming that the SM Higgs doublet H
has sizable coupling only with one of the triplets which break
SU(3) [129]. In this setup the eight SU(3) boson present the
following mass pattern:
m2A1 = m
2
A2 =
1
4
g˜2v22 , m
2
A3 = m
2
A4 =
1
4
g˜2v21
m2A6 = m
2
A7 =
g˜4
4
(v21 + v
2
2)
m2A3 =
g˜2
4
v22
(
1− tanα√
3
)
, m2A8 =
g˜2
3
v21
1
1− tanα√
3
(18)
where the angle α depends on the two vevs v1 and v2. In this
work we will focus on the case v2 < v1 for which sinα ≈√
3
4
v22
v21
. The particle spectrum of the new sector is completed
by three CP-even scalars, h2, h3, h4 (we label h1 the SM-like
Higgs) and a CP-odd scalar state χ 5.
The DM is made by two components: the mass degenerate
pair A1µ, A2µ and one between A3µ and χ. The latter case
has been extensively studied in [129], where it has been found
that semi-annihilations are irrelevant for DM phenomenology.
We will then here consider the case in which the DM is made
by the three vector components A(1,2,3)µ.
The relevant phenomenology is, hence, described by the
following lagrangian (for simplicity we have omitted mass
and kinetic terms):
L = g˜mA
2
(−h1 sin θ + h2 cos θ)
×
(∑
a=1,2
AaµA
µa +
(
cosα− sinα√
3
)2
A3µA
µ 3
)
+
g˜2
8
(
h21 sin
2 θ − 2h1h2 sin θ cos θ + h22 cos2 θ
)
×
(∑
a=1,2
AaµA
µa +
(
cosα− sinα√
3
)2
A3µA
µ 3
)
+
(h1 cos θ + h2 sin θ)
vh
2m2WW−µ Wµ+ +m2ZZµZµ −∑
f
mf f¯f

(19)
Where we have defined mA1 = mA2 = mA. vh is the vev
of the SM Higgs.
As already mentioned, we have assumed sizable interac-
tions of the SM Higgs doublet with only one SU(3) multiplet.
As a consequence the relevant interactions between the “dark”
and the “visible” sector are mediated only by two scalar mass
5 One could also consider the case in which CP conservation is not enforced
in the dark sector [131]
8WW , ZZ g2g˜2 sin2 θ
hh g˜4 sin4 θ
semi-annihilation g˜4 sin2 θ
conversions g˜4
TABLE III. Schematic representation of the parametric dependence
on the parameters θ and g˜ of the different kinds of rates governing
the DM relic density in the dark SU(3) model.
eigenstates, h1 (mostly SM-like) and h2, whose interactions
with the SM states and the DM components are weighted by
the mixing angle θ.To further simplify our study we will im-
plicitly assume mh2 > 2mA. The other CP-even states h3
and h4 are irrelevant for DM phenomenology since their in-
teractions with the SM states are extremely suppressed and,
furthermore, are assumed to be decoupled at a higher mass
scale.
The DM relic density is determined by solving a system
of coupled Boltzmann equations for the two DM components
A1µ = A2µ = Aµ and A3µ and results, hence, as the sum
of the relative densities of the two components. It is deter-
mined by three type of processes: pair annihilations into SM
states (for the typical DM values reproducing the GeV excess
the main final states are WW , ZZ and, far enough from the
threshold, h1h1 6), conversion processes AA ↔ A3A3 and
semi-annihilation processes AA→ A3h1 and AA3 → Ah1.
A good qualitative understanding can be achieved by con-
sidering the scaling of these four type of cross sections with
the coupling g˜ and the angle θ, as reported in tab. III 7 (for the
WW and ZZ final states we have also reported explicitly the
dependence on the SU(2) gauge coupling g).
As evident the different rates depend on different powers of
sin θ and g˜. The semi-annihilation rate can be made dom-
inant, with respect to pair annihilations, by taking g˜  g
and sin θ  1. We emphasize that this last condition is
also favored by the experimental constraint on modification
of the SM Higgs sector. We also notice that high values of g˜
would correspond to extremely efficient conversion processes
AA→ A3A3, implying that the lightest DM component, A3,
retains almost the totality of the DM density fraction. This
would imply that the semi-annihilation rate at present times
would be negligible, since semi-annihilation processes would
require at least one Aµ in the initial state. To avoid this prob-
lem we need so assume v2  v1 implying sinα ' 0 and then
thatAµ andA3µ are mass degenerate so to kinematically sup-
press conversion processes.
These qualitative arguments have been verified by con-
ducing a numerical analysis through the package MI-
6 As pointed in [73] a high temperature a small contribution is also provided
by the t¯t final state.
7 We do not consider here the case of possible enhancement, for example
through resonances, of the some cross-sections. In the region of parame-
ter space reproducing the GeV excess mA,mA3 ,mh1 have comparable
values. As a consequence the difference in the cross-sections are mostly
determined by the different scaling with g˜ and sin θ.
CROMEGAs [132].
The two DM components feature essentially the same scat-
tering cross-section on nucleons, since
(
sinα− tanα√
3
)
∼ 1
in our setup. This is of spin-independent type and it is induced
by t-channel exchange of the h1, h2 states. The cross-section
reads:
σSIAp =
µ2Apg˜
2
4pi
s2θc
2
θ
(
1
m2h1
− 1
m2h2
)2
[fpZ + fn(A− Z)]2
A2
≈ 1.8× 10−47cm2g˜2
(
sin θ
0.01
)2
(20)
where µAp = mpmA/(mp + mA) and fp ' fn ≈ 0.3. For
simplicity we have assumed mh2  mh1 for the numerical
estimate.
Similarly to the portal models [4], away from s-channel res-
onances, the DM scattering cross section features the same
scaling of the couplings as the annihilation cross-section into
SM fermions and gauge bosons. Interestingly the prescrip-
tion proposed above to increase the importance of the semi-
annihilation rate would allow to reduce the impact of Direct
Detection constraints.
Unfortunately it has emerged, from our numerical analy-
sis, that, for DM masses within the 2σ best fit region of the
GeV excess, it possible at most to have g˜ ' 1 without con-
flicting with perturbativity bounds on the quartic couplings of
the scalar potential. For this value of coupling, accounting
also for the requirement of the correct DM relic density, the
cross-section corresponding to semi-annihilation processes is
at most comparable with the ones corresponding to pair anni-
hilation processes of the two DM components into SM states.
Our numerical study suggested, as benchmark assignation
with maximal contribution to relic density and Indirect De-
tection from semi-annihilations, mA ' mA3 = 140 GeV,
g˜ = 1 and sin θ = 0.08. For this benchmark the two DM
components equally contribute to the correct relic density and
their pair annihilation as well as their semi-annihilation cross-
section have very similar values of around 2× 10−26cm3s−1.
The SI DM scattering cross-section on nucleons, of around
10−45 cm2, however, exceeds the present limit, as set by the
XENON1T experiment [133].
It appears hence evident that semi-annihilations cannot con-
tribute, in the dark SU(3) model, to relax the tension with Di-
rect Detection limits in reproduction the gamma-ray excess.
We emphasize however that we have considered a specific re-
alization of this scenario and that a conclusive statement re-
quires a more extensive dedicated study.
5. Accidental Z3 Scalar Dark Matter
We conclude our theoretical overview by noticing that a
similar fit of the GCE, as the one provided by theDMDM →
DMh semi annihilation processes, could be achieved by con-
sidering, as final state, an exotic scalar field Φ, rather than the
9Higgs boson, provided that the latter dominantly decays into
b¯b final states.
An example of this scenario has been discussed in [134].
Interestingly the discrete Z3 symmetry, which stabilizes the
DM, arises as remnant of a spontaneously broken U(1)X
gauge symmetry (identified with B-L in [134]), by the vev of
Φ. The coupling with a complex scalar DM candidate, which
has a charge −2/3 under U(1)X , responsible for the semi-
annihilation processes, is contained in the following scalar po-
tential:
V = λSΦS
2Φ2 + λSHS
2H2 + λ3ΦS
3 + λH |H|4
+λHΦ|H|2|Φ|2 + λΦ|Φ|4 (21)
The crucial term for our reasoning is the one proportional to
λ3. Similarly to the previously discussed scenarios, one could
make the semi-annihilation SS ⇒ SΦ to be the most relevant
process for the DM relic density and indirect signal by a suit-
able assignation of the coupling λ3. The coupling of Φ with
the SM fields is originated by the mixing with the SM Higgs.
A similar fit of the GCE, as the one discussed in the previous
section, could be obtained provided that 2mb < mΦ < 2mW .
Since the mass of this new scalar field do not coincide with
the one of the SM Higgs the range of best fit DM masses is
different, with respect to theDMDM → DMh case, though.
V. NOTE ON THE AMS-02 ANTI-HELIUM DATA
We point out that recently a mild excess observed in
anti-Helium 8 has been interpreted in terms of WIMPs
annihilations [135]. The WIMP properties needed to explain
this excess seem different from the ones favored by the
anti-proton and gamma-ray excesses. Since the excess is
not statistically significant, we have removed it from our
reasoning. See [136, 137] for further discussions in this topic.
VI. CONCLUSIONS
In this work we have revisited the excesses observed in
gamma-rays and anti-protons toward with Fermi-LAT and
AMS-02 satellites. After briefly discussing the best-fit regions
in terms of dark matter annihilations we derived the best-
fit regions for the semi-annihilation processes DMDM →
DMZ/h. Pursuing a general approach we have found that
the semi-annihilations with one Higgs boson in the final state
provide a satisfying fit to the excesses, while still compat-
ible with exclusion limits from Dwarf Spheroidal Galaxies
taking into account uncertainties in the dark matter density
profile in the galactic center. Similarly to what occurs in
the annihilation case, a tension exists with limits from Dwarf
Spheroidal Galaxies, thus the need for a large J-factor in the
Galactic Center continues. The main advantage of having
semi-annihilations as explanation to astrophysical signals and
the dark matter relic density is the possibility to break the
direct connection to direct detection, allowing one to sup-
press the dark matter-nucleon scattering cross section with-
out prejudice. In particular, we found, see Fig.3, that the
GeV gamma-ray excess favors semi-annihilation cross sec-
tions around 3 − 4 × 10−26cm3s−1. A similar conclusion
applies to the anti-proton excess observed in the AMS-02 data.
We have then briefly reviewed possible theoretical frame-
works accounting for the presence of semi-annihilation pro-
cesses of the type DMDM → DMh, and discussed un-
der which conditions semi-annihilations can be the dominant
contribution to the gamma-ray and anti-proton excesses while
yielding the correct relic density and satisfying direct detec-
tion constraints.
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